Recent evidence indicates that grassland community structure and species diversity are influenced by genetic variation within species. We review what is known regarding the impact of intraspecific diversity on grassland community structure, using an ancient limestone pasture as a focal example. Two genotype-dependent effects appear to modify community structure in this system. First, the abundance of individual constituent species can depend upon the combined influence of direct genetic effects stemming from individuals within the population. Second, the outcome of localized interspecific interactions occurring within the community can depend on the genotypes of participating individuals (indicating indirect genetic effects). Only genotypic interactions are thought to be capable of allowing the long-term coexistence of both genotypes and species. We discuss the implications of these effects for the maintenance of diversity in grasslands. Next, we present new observations indicating that losses of genotypic diversity from each of two species can be predicted by the abundance of other coexisting species within experimental grassland communities. These results suggest genotypespecific responses to abundance in other coexisting species. We conclude that both direct and indirect genetic effects are likely to shape community structure and species coexistence in grasslands, implying tight linkage between fine-scale genetic and community structure.
INTRODUCTION
There is increasing interest in the role played by intraspecific genetic diversity in mediating the structure and dynamics of communities and ecosystems, which has given rise to a field of enquiry called community genetics [1, 2] . Initially, most researchers in this field focused on systems in which genetic diversity in one focal species (usually a dominant plant species) influences the structure of a community of other dependent species. Members of this dependent community can exploit the focal species for food, growth or as habitat, either directly or indirectly, and each may constitute a small quantity of community biomass relative to the focal species (e.g. [3] [4] [5] ). Grasslands are another well-studied model system for community genetics, providing a slightly different perspective [6 -11] . In these systems, the community under study is typically made up of coexisting plant species, each of which may be genetically diverse. In many older, species-rich grassland communities, a more equitable distribution of total community biomass is often observed between the most abundant species. Thus, genetic diversity across many component species may be driving or responding to community structure.
In 1997, Booth & Grime [10] created a unique experimental system that provided opportunities to investigate the community genetics of a species-rich grassland community. Using this resource, they showed that genetic diversity within the component populations of this community was able to modify plant community structure and species diversity. Our purposes in this paper are twofold. First, we synthesize and review recent progress in our understanding of the relationship between genotypic diversity and community structure in species-rich grasslands. Second, we present new data on the relationship between retention of genotypic diversity within populations and the abundance of other coexisting species within the community. Table 1 contains a guide to terminology and a summary of experiments, to which we refer in both sections of this paper.
COMMUNITY GENETICS OF SPECIES-RICH GRASSLANDS (a) Ecological context
The majority of the species diversity present in the most species-rich grasslands can be observed at scales less than 1 m 2 . In some of these systems, up to 32 species can be found in areas of 0.25 m 2 [18] . At still finer scales, it is common to find in excess of 10 species present, and often rooted within an area 10 Â 10 cm (100 cm 2 ; [19, 20] ). Part of the explanation for this diversity is likely to involve the cycles of periodic grazing that these grasslands experience.
These limit competitive exclusion via shading and litter accumulation, and prevent the succession to woodland, which would otherwise occur under dereliction [21] [22] [23] [24] . In addition, the low concentrations of major mineral nutrients (e.g. N, P, K) maintain diversity by reducing the vigour of potentially robust species capable of exerting competitive dominance over other species in the community [23 -26] . The diversity of species of arbuscular mycorrhizal fungi (AMF) present within the rhizosphere can also contribute to plant species coexistence in grasslands [27, 28] . Furthermore, different grassland plant species can support distinct communities of AMF [29] . This indicates that AMF might form part of the (biotic) niche of grassland species. It has been suggested that insufficient abiotic niche differentiation exists among limestone grassland species to support the diversity present in these communities [30] . However, a growing body of evidence points to the importance of soil depth, pH and soil hydrology as variables that allow some degree of niche separation and species coexistence within grasslands more generally [30] [31] [32] .
If genetic diversity has an impact on grassland community structure and diversity, it must do so within the specific context of the environmental filters defined by the factors listed above. These filters select for sets of species with particular sets of adaptations to the local environment, which determine the type and species composition of grassland community that develops [33, 34] . Within each local environmental context, genetic diversity may then be important in defining increments in species diversity [35] , or in dictating dynamics and responses to perturbation [36] . Specifically, genetic diversity may play a role in providing a range of phenotypes that could exploit distinct portions of niche space, or by providing a large-enough sample of phenotypes from which one or a few genotypes manage to establish and prosper in the event of ecosystem-scale environmental change. In other words, there may be effects of genetic variation per se, and of the presence of particular genetic variants within a sample of genotypes.
(b) Effects of genetic diversity on community structure Booth & Grime [10] used natural species-rich limestone grassland occurring within Cressbrookdale National Nature Reserve, in Derbyshire, UK, as a model to study the effects of genetic diversity on [16, 17] plant community structure. They carried out a longterm experiment in which the genotypic diversity of component populations of plant communities was manipulated against an initially constant background of species diversity (hereafter the Booth and Grime communities [10] ). This, and other experiments described below, relied on a genotype archive consisting of 16 putative genotypes (genetically unique individuals) of each of 11 plant species collected as established individuals, using spatially random sampling from within a 10 Â 10 m field plot in Cressbrookdale. The majority of individuals within the genotype archive were found to be genetically unique through subsequent DNA marker genotyping [37] . Genotypic diversity was manipulated by assembling model plant communities via random selections of clonally propagated genotypes of each of the 11 species from the genotype archive: either 16, 4 or 1 genotypes per species. All assembled communities contained the same 11 species. Weeding, and the prevention of seed production, ensured that the same set of planted genotypes was forced to interact over the course of the experiment (i.e. there was no sex to generate new recombinant genotypes). A key result of this experiment was that the rate of decline in species diversity over time (Shannon index) was least pronounced in the most genetically diverse communities. After 5 years of growth, the genetically diverse communities retained the greatest species diversity. This novel effect has since been verified in an independent experiment (the Fridley and Grime communities [14] ). These experiments have raised considerable conceptual challenges regarding the mechanism through which the effects of genetic variation scale to the community level. This is because it is possible for the phenotype (traits) of individuals to be mediated by the expression of their own genes (via direct genetic effects; see glossary of terms in table 1), and by local interactions between individuals (involving indirect genetic effects). However, the community-level effects of genetic diversity are a product of the combined influence of both of these effects across all component individuals and interaction neighbourhoods. Thus, there exist differences in scale between the source of the genetic effects (individuals and interaction neighbourhoods) and their outcomes, which may be both at the individual or neighbourhood level, and the community level.
(c) Direct genetic effects: genotypic composition, traits and species abundance The most parsimonious explanation for the results observed in the Booth and Grime communities is the action of a 'variance reduction effect' [38] . This effect operates via the random sampling of genotypes from a fixed pool of genotypes, such that replicates of the more diverse treatments are expected to be more similar in genotypic composition than the relatively more impoverished treatments. More specifically, the abundance of populations that are genetically impoverished is dictated disproportionately by direct genetic effects stemming from the particular genotypes that dominate those populations [37] . Depending on the genotypes involved, this mechanism will lead to greater or lesser population abundance in genetically impoverished communities, relative to genetically diverse communities, with a concomitant change in species evenness (diversity). In order to determine whether this mechanism underpinned the greater levels of species diversity observed in genetically diverse communities, Whitlock et al. [37] tracked the performance of individual genotypes of six species in these communities directly, using molecular markers. This work revealed that mean genotype abundance in all but one of these species was correlated across communities, regardless of the differing levels of genetic diversity within these communities. This suggests that direct genetic effects were the most important for determining the effects of genetic diversity on community-level (cf. individual-level) structure observed in the Booth and Grime communities. Genotype-by-environment (g Â e) or genotype-by-genotype (g Â g) interactions (involving indirect genetic effects) appeared to play a lesser role in determining the effects of genetic diversity at the community scale [37] . It was suggested [15] that the relative weakness of g Â e was due to the comparatively constant environment of the Booth and Grime communities, but subsequently a similar effect was observed in experimental communities that contained considerable environmental heterogeneity (the Fridley and Grime communities). For each of four species in which biomass could be measured at the individual level in these communities, there was a strong main effect of genotype on plant biomass [14] . For two of these species (Koeleria macrantha and Succisa pratensis), the hierarchy in genotype biomass was consistent between communities varying in levels of experimentally manipulated species diversity and genotypic diversity. Conversely, the genotype biomass of Festuca ovina and Helictotrichon pratense individuals showed strong interactions with these variables. The role of direct genetic effects in mediating community structure in the Booth and Grime communities has been investigated using traits measured under genotypic monoculture, for three of the study species used in this experiment [16, 17] . The sedge Carex caryophyllea showed a simple relationship between traits measured on individual genotypes grown in monoculture and their performance in genetically and species-diverse communities, with the exception of one outlier genotype (figure 1a; [17] ). A multivariate trait summary (interpreted as a measure of plant size) predicted the performance of the genotypes of this species after 5 years growth in the model communities synthesized by Booth & Grime [10] (figure 1a). Genotypes that were large in size (negative trait score) under genotypic monoculture tended to achieve higher abundance in the Booth and Grime communities.
Furthermore, plant size observed in monoculture allowed prediction of the species abundance of C. caryophyllea populations with known initial genotypic composition in the Booth and Grime [10] communities (figure 1d ). Monoculture trait screening has also been carried out on the populations of two other species (F. ovina and K. macrantha), using living material propagated from the genotype archive [16] . The situation for K. macrantha reflects that in C. caryophyllea; monoculture size scores for individual K. macrantha genotypes predict both genotype performance and species abundance in the Booth and Grime communities (figure 1c, f ). In contrast, genotype does not predict the performance of F. ovina individuals in the Booth and Grime communities (figure 1b), and there is no obvious relationship between traits and species abundance (figure 1e). This outcome mirrors observations from the Fridley and Grime communities, which suggest that the phenotypes of F. ovina individuals are sensitive to g Â e and g Â g interactions. Together, these observations indicate that the abundance of some species in grassland communities is dominated by direct genetic effects with more limited g Â e, while the abundance of other species is more strongly influenced by g Â e and g Â g. A key challenge is to understand why species may vary in the importance of indirect genetic effects and whether we can predict which species they will be.
(d) Reconciling neighbourhood-scale g 3 g and community-level direct genetic effects In the sections above, we have set out evidence for the existence of direct genetic effects that influence community-level structure. Now, we move on to consider a body of evidence from a broader set of study systems, which has shown that the outcome of more localized competitive interactions between neighbouring plant individuals of different species can depend upon the genotypes of those individuals (g Â g interactions; [7, 8, 11, 39, 40] ). Evidence for fine-scale g Â g competitive interactions and reversals in genotypic hierarchy also exists for species-rich grassland communities [14, 15, 37] . However, in some species, the strength of these local g Â g effects appears to be relatively smaller than the direct genetic effects that are capable of influencing community-level structure even in the presence of environmental heterogeneity. For example, if g Â g were sufficiently strong, then direct genetic effects on genotype performance or species abundance at the community level should not have been visible (or at least so prominent) in the Booth and Grime communities, or for K. macrantha and S. pratensis, in the Fridley and Grime communities.
The observation that the outcome of competition in interaction neighbourhoods can be genotype-specific led Aarssen [41, 42] to propose the 'competitive combining ability' hypothesis. This hypothesis states that interspecific interactions between different sets of genotypes at a local scale can lead to alternative outcomes of interspecific competition, with species A out-competing species B in one local collection of genotypes, but B out-competing A in another (i.e. an intransitive competitive hierarchy among genotypes). In other words, there is a genotype-by-genotype interaction for competitive ability and no single genotype performs best in all competitive interaction neighbourhoods. The relative weakness of g Â g for some species in our experimental grassland communities seems to suggest the existence of generalist genotypes that are equally fit in all interaction neighbourhoods in the community, a situation that is at odds with the competitive combining ability hypothesis, and the maintenance of diversity. Why do natural populations of these species in the field not become dominated by similar generalist genotypes with a concomitant cost to species richness, as observed within our experimental communities? Below, we consider some possible explanations for this apparent paradox of diversity maintenance:
(1) Recurrent sex and recruitment in the field are sufficient to sustain genotypic diversity. A key difference between our experiments and the situation in the field is that in the former, seed production and subsequent recruitment were prevented. Simulation and modelling approaches have indicated that even low levels of recruitment are capable of sustaining a diversity of clones in populations that otherwise reproduce clonally [43, 44] . In addition, many species in species-rich calcareous grasslands are long-lived, out-breeding and iteroparous, with overlapping generations. These characteristics are expected to lead to relatively higher effective population sizes [45] , which in turn can retard the loss of genetic variation by drift. While attractive in its simplicity, this explanation finds fault in the fact that the genetic variation in our grassland populations is visible to selection (i.e. it is not neutral). For example, some genotypes in these populations have growth characteristics that predispose them to success under particular experimental conditions [10, [15] [16] [17] 37] . Under these conditions, it is not clear that genotypic diversity would be maintained, and genetic variation in the phenotype of persisting clones should be eroded to an optimum value.
(2) The existence of community-level direct genetic effects on species abundance does not preclude a role for selection in maintaining intraspecific diversity, via the localized occurrence of g Â g or g Â e interactions for fitness within interaction neighbourhoods. Under this explanation, the combined influence of direct genetic effects stemming from all individuals in the population contributes to the regulation of species abundance at the community level. Simultaneously, local indirect genetic effects and interactions (g Â g) or environmental interactions (g Â e) mediate the success of the less competitive genotypes in at least a proportion of the interaction neighbourhoods in the community. The maintenance of genetic diversity across heterogeneous environments is a subject that has received a great deal of attention in the literature [46] . Both diversifying selection in space and across time are thought capable under certain conditions of maintaining stable genetic polymorphisms [47 -50] , although it is less clear whether this mode of selection can maintain quantitative genetic variation above the levels expected under mutation-selection balance [51] [52] [53] [54] . If, as seems likely in grasslands, direct genetic effects involving genotype size or competitive ability do act to influence species abundance, we must ask what forces maintain other less competitive genotypes in those interaction neighbourhoods where they achieve fitness. It is possible that these latter trade off a lesser competitive ability through vegetative or clonal growth with a greater ability to reproduce sexually [16,17,55 -59] . Spatial heterogeneity of soil depth, moisture, pH or nutrient status, or unpredictable (inter-annual) climatic perturbations such as drought are likely candidate forces of selection that could provide opportunities allowing this reproductive strategy to be successful [30 -32,60] . A key problem with this general explanation is that we do not know to what extent direct genetic effects on species abundance and the maintenance of genetic variation through diversifying selection might be able to co-occur either within or distributed among species. What would the expected consequences of any such co-occurrence be for equilibrium levels of genetic variation, or community structure? (3) Presumed direct genetic effects on species abundance are in fact phenotypic effects driven predominantly by non-additive components to the phenotype (including maternal and epigenetic effects), which mask underlying genetic responses to environmental heterogeneity. Under this argument, our putative direct genetic effects influencing species abundance in reality constitute a phenotypic correlation across interaction neighbourhoods arising predominantly from environmental or non-additive genetic contributions to the phenotype. One possibility is that this phenotypic correlation is a product of experimental clonal propagation of the shared natal history of each genotype, i.e. a persistent maternal effect [61] [62] [63] or an epigenetic effect. Natural populations of clonal plants often contain high proportions of unique genotypes [37, 64] . Conversely, in our experiments, genets occurred as multiple disconnected ramets both within and among communities. The importance of this is that experimental designs based around extensive clonal propagation could produce phenotypic correlations that do not reflect the true underlying genetic response to environmental heterogeneity across interaction neighbourhoods [65] [66] [67] . These phenotypic correlations could mask the underlying genetic architecture (including negative genetic correlations) that result when a set of alleles with high fitness in one interaction neighbourhood are detrimental in another (e.g. [67] ).
In order to understand the mechanisms through which genetic diversity influences community structure and species coexistence, future work will need to address several large gaps in our knowledge. First, we need to understand the relative importance of sexual and asexual reproduction in systems where both these modes of reproduction are possible. This will allow us to understand the role of sex in maintaining diversity, and to appreciate to what extent community structure and dynamics are products of heritable components of phenotype. This may require a long-term research strategy for grassland systems, given that the species that inhabit species-rich grasslands are frequently slow growing and long-lived [23] . Second, we need to understand the spatial scales over which genotypes of different species are distributed and interact in the field, i.e. what is the scope for g Â e, g Â g and g Â g Â e for fitness? This information is relevant to the scales at which genetic and species diversity are maintained in the field, but will also tell us about the potential for individual genotypes to become locally dominant and drive changes in species abundance. In the next section of this paper, we extend our perspective on grassland community genetics to consider the degree to which individual populations of six species lose their genetic diversity over time as a function of the abundance of other coexisting species in the community.
INTERSPECIFIC INTERACTIONS BETWEEN SPECIES ABUNDANCE AND LOSS OF GENOTYPIC DIVERSITY (a) Material and methods (i) Study system
In 2002, the Booth and Grime communities were surveyed using molecular markers, to determine the survival and abundance of the remaining genotypes in each population of six species during the fifth year of the experiment [37] . The six study species were F. ovina L., K. macrantha (Ledeb.) Schult., C. caryophyllea Latourr., Leontodon hispidus L., S. pratensis Moench and Campanula rotundifolia L. (nomenclature follows [68] ). The sampling procedure involved recovery of tissue samples that were identified to individual genotypes via profiles of inter-simple sequence repeat (ISSR) PCR assays, from which genotype abundance could be determined [37] . This work resulted in the counts of each genotype still present in each 4-and 16-genotype community, for each of the six study species, 5 years after the communities were created. The sampling design and mean genotype survivorship data for each species are given in Whitlock [37] . The single-genotype communities lacked any intraspecific diversity, and are not considered further in this analysis.
(ii) Data analyses Except where stated, all analyses were carried out using the R software for statistical computing [69] . We measured the level of genotypic diversity of each population of each study species within each 4-or 16-genotype community, using count observations of genetic individuals (genotypes) derived from the ISSR markers in the fifth year of the Booth and Grime experimental communities. We applied a measure of genotypic compositional evenness to each population in each community, defined as [70] :
where n is the number of genetic individuals (genotypes) in a sample (experimental community), and p i is the frequency of genotype i. The summation sign operates over all the genotypes in one population in one community. The measure of genotypic compositional evenness, Ĥ , was expressed as a proportion of its known initial values at the onset of the experiment. Thus, the transformed values represent the proportion of initial diversity remaining 5 years after the communities were assembled. We used a model-averaging approach [71] to investigate whether the loss of genotypic compositional evenness within individual populations was a function of the abundance of other coexisting species within the 4-and 16-genotype communities 5 years after they were originally assembled. When a number of different statistical models fit a dataset similarly well (or poorly), model averaging allows inference to be based on the group of models, avoiding over-reliance on a single best model. This is advantageous, since traditional step-wise regression approaches that identify a single best model can lead to biases in parameter estimation, inconsistent specification of the best model (depending on the model selection method used) and a proliferation of hypothesis testing that can increase the probability of type I errors [72] . The model used for this series of analyses was a generalized linear model (GLM) with quasi-binomial link function. There were six datasets we wished to investigate; the dependent variable in each was loss of genotypic evenness for one of the six species, a proportion between 0 and 1. Thus, we fit six sets of models, one for each of our study species. Treatment (4-or 16-genotype community) and pin-contact species abundance of our six study species were fitted as fixed effects, with the constraint that a single species could not contribute the dependent variable and one of the covariates within a single model. All models considered under the model-averaging procedure contained the treatment effect, in order to control for possible variation in loss of compositional evenness between treatments caused by the experimental design and sampling regime. No interactions between covariates were considered. Prior to applying the model-averaging procedure, we assessed the extent of collinearity among the species abundance covariates, using correlation analyses. Only one pair of species abundance variables among 15 pair-wise comparisons was significantly correlated (Spearman's r ¼ 0.64; p , 0.01). We used functions within the package MuMIn in R to fit all possible models for each response variable and carry out the subsequent model-averaging analyses. The model sets for each of these analyses were ranked by quasi-AIC (QAIC), and Akaike weights for each model were calculated on the basis of QAIC. A 95% confidence set of models was determined for each analysis. Such a set has a 95 per cent probability of containing the best-approximating model to the true model [71] . Finally, the Akaike weights were used to carry out model averaging for each model parameter, and to determine the relative importance of each of the covariates (the probability that a given covariate, among all those considered, is in the best-approximating model to the true model).
Grassland community genetics R. Whitlock et al. 1351 Unconditional 95% confidence intervals were computed around the averaged model coefficients. We compared covariates within each of the six analyses based on their relative importance, and whether or not the confidence intervals about the respective model-averaged coefficients overlapped with zero. We took those covariates with high relative importance, and whose confidence interval did not bracket zero, to provide evidence in support of an association between the covariate (species abundance) and the dependent variable (loss of genotypic evenness).
One of the model-averaging analyses indicated that intraspecific diversity retention within C. rotundifolia populations was associated with the species abundance of coexisting C. caryophyllea populations. In order to follow up and confirm this result, we re-analysed data from the Fridley et al. pot experiment [15] in which clonal replicates of a single genotype of C. rotundifolia had been grown in pots, each with one of three genotypes of C. caryophyllea and one of three genotypes of K. macrantha from the genotype archive. The abundance of C. caryophyllea populations within communities has been shown to be controlled by the physical size traits possessed by component genotypes within populations [17, 37] . Our model-averaging GLM analysis on the Booth and Grime communities led us to expect that in the pot experiment, individuals of C. rotundifolia should have performed better when growing with C. caryophyllea genotypes that were large in size. To ascertain whether this was the case, we compared the survival and biomass of C. rotundifolia individuals growing in the pot experiment with different individual genotypes of C. caryophyllea whose traits and size had been determined previously [17] .
(b) Results
We used GLMs and a model-averaging approach to compare the proportion of genotypic diversity retained in populations of each of six study species with the abundance of different coexisting canopy-dominant species. Genotypic diversity treatment was used as a fixed effect to control for systematic variation in diversity loss attributable to this variable. Averaged models for two of the six study species (K. macrantha and C. rotundifolia) indicated that, in each case, loss of intraspecific genotypic diversity was associated with the abundance of one other coexisting canopydominant species (table 2) . For both species, the association between retained genotypic diversity and the abundance of the other coexisting species was positive, such that the greater abundance of a given coexisting species was associated with reduced loss (greater retention) of genotypes. Model-averaging analyses indicated that there was little support for associations between genotypic diversity loss and abundance of coexisting species for the other four study species. The 95% confidence intervals for coefficients of all species abundance covariates overlapped with zero for these four species (results not shown).
Genotypic diversity retention within populations of C. rotundifolia was associated with the abundance of C. caryophyllea in the same community (table 2) . In a separate experiment (the Fridley et al. pot experiment), C. rotundifolia was grown in pots with each of three different genotypes of C. caryophyllea and three genotypes of K. macrantha [15] . The performance of C. rotundifolia was determined by interactions between genotypic identity of the two other species and soil fertility level (p , 0.05) [15] . The genotypes of C. caryophyllea used in this experiment varied in overall size (in the order Cc04 , Cc13 , Cc09; [17] ). We found that the C. rotundifolia plants were more likely to survive when growing with C. caryophyllea genotype Cc09, the largest genotype of C. caryophyllea, and least likely to survive when growing with Cc04, the smallest C. caryophyllea genotype used in this experiment (figure 2a). On average, surviving individuals of C. rotundifolia reached highest biomass when growing in pots with the large sedge genotype Cc09. (figure 2b) . When all planted individuals of C. rotundifolia were taken into account, differences in C. rotundifolia biomass occurring between sedge competitor genotypes approached statistical significance (p , 0.1). These outcomes were in the direction expected from our previous analyses of losses of genotypic diversity from populations of C. rotundifolia in the Booth and Grime communities (table 2).
DISCUSSION
In the second part of this paper, we investigated the relationship between the retention of genotypic diversity in populations over time and the abundance of other coexisting species within model plant communities. Specifically, we used molecular profiles (ISSRs) to identify and count genotypes of six plant species, 5 years after they had been planted into experimental communities varying in initial genetic diversity (four or 16 genotypes per species). Our results indicated that the level of genotypic diversity retained by populations of two species (K. macrantha and C. rotundifolia) was associated with the abundance of different canopy-dominant species coexisting in the Booth and Grime model communities. No such relationships were observed for the remaining four study species, and therefore, these effects are by no means universally present across the species within the Booth and Grime communities. Nevertheless, they provide some of the first evidence implicating genotype-specific interspecific interactions in driving the structure of plant communities that possess a realistic level of species richness and genetic diversity. We suggest that where these interactions occur, species abundance in the first ('interacting') species drives genotypic evenness in the second ('target') species. The interactions take the form of g Â e effects if the abundance of the interacting canopy species is not influenced by its own genetic composition (genotype persistence in the target species varies with biotic environment). However, if species abundance in the interacting species has a genetic component (e.g. figure 1d,f ) , then g Â g effects are implicated in driving these associations. It is important to recall that direct genetic effects explained species abundance imperfectly in all three of the species where this relationship has so far been investigated (C. caryophyllea, F. ovina and K. macrantha; figure 1 ). In addition, direct genetic effects appeared to be weakened against a background of extreme genetic impoverishment (communities with one genotype per component species; [37] ). Thus, we suggest that both direct genetic effects and genotypic interactions involving the environment and other coexisting genotypes (indirect genetic effects) occur together in natural grassland communities ( §2d, explanation (2)). For example, the grass K. macrantha Table 2 . Relationship between loss of genotypic diversity from experimental plant populations and the species abundance of other coexisting species in the community, using a model-averaging approach. Results for two analyses are shown (a) with diversity loss from populations of K. macrantha as the response variable and (b) with diversity loss from populations of C. rotundifolia as the response variable. The models listed in each analysis are a 95% confidence set identified on the basis of quasi-AIC (QAIC), and each includes a fixed effect for treatment (not shown). The models are ranked on the basis of QAIC. The structure of each model (single line of the table) can be identified via the presence of '1' where a particular species abundance covariate was included in that model. The species (contributing abundance covariates) are C. caryophyllea (C. car), C. rotundifolia (C. rot), F. ovina (F. ovi ), L. hispidus (L. his), K. macrantha (K. mac) and S. pratensis (S. pra). D and W i are, respectively, the difference in QAIC between the QAIC best model and the model under consideration, and the Akaike weight (or model selection probability). Relative importance denotes the probability that a given variable, among all those considered, is in the model best approximating to the true model. The coefficient given for each variable is the modelaveraged coefficient, and the confidence intervals are confidence intervals about these coefficients that are conditional not on any single model, but on the total confidence set of models that were considered. showed evidence of both direct genetic effects influencing its own species abundance (figure 1) and a genotypic response to the abundance of a different species in the community, L. hispidus (table 2) . The direction of the interspecific associations that we observed between intraspecific diversity loss and species abundance was surprising. For both of the pairs of species, there was a positive relationship between retention of intraspecific diversity and abundance of the coexisting species. This maintenance of variation need not be a sign of any form of mutualistic interaction; rather it may arise because the interacting species, when abundant, is able to restrict the growth of more competitively dominant genotypes of the target species that would otherwise reduce the evenness (genetic diversity) of their own population.
Since the relationship between retention of genotypic diversity in C. rotundifolia and population abundance of C. caryophyllea in the Booth and Grime communities was positive, we predicted that individuals of C. rotundifolia should perform better when growing with more vigorous or abundant genotypes or populations of C. caryophyllea. This prediction was verified in a qualitative sense in a separate simplified pot experiment ( [15] ; figure 2), supporting the association observed in the more complex Booth and Grime communities. On average, individuals of C. rotundifolia showed greatest survival and subsequent biomass production when growing with Cc09, the largest clone of C. caryophyllea present in the experimental population of this species. However, it must be stressed that full validation of our suspected species abundance -genotypic diversity associations awaits trials that encompass a greater population of target species genotypes (C. rotundifolia in this example). In the meantime, we suggest that one explanation for the results observed in the simplified pot experiment (figure 2) is that certain genotypes of C. caryophyllea exerted a suppressive effect on K. macrantha (the third species in the pot experiment) that partially released C. rotundifolia from competition with K. macrantha (i.e. the biotic environment for C. rotundifolia was determined by a g Â g interaction between C. caryophyllea and K. macrantha). We would not expect this effect to be mediated solely by the influence of the size of C. caryophyllea individuals on their competitive ability [73, 74] , because this does not explain the apparent relative benefit experienced by C. rotundifolia when growing alongside Cc09, the largest genotype of C. caryophyllea [75] . However, it is also possible that Cc09's guerrilla growth strategy permits a more open canopy structure whose gaps can be exploited by the relatively small and mobile C. rotundifolia, but not by the more sessile K. macrantha [76] . We have shown (figure 1; [17] ) that species abundance in C. caryophyllea has a genotypic component. Consequently, if verified, the interspecific relationship between species abundance in C. caryophyllea and the retention of genotypic diversity in C. rotundifolia is expected to have a basis in the traits possessed by genotypes of C. caryophyllea (i.e. a classic g Â g interaction, acting across the interacting species).
Such genetically based interactions between species might have implications for the maintenance of diversity within grassland communities. Fixation of high-fitness genotypes within local subpopulations of particular canopy-dominant species, by competitive, environmental or other means, will drive changes in their abundance via direct genetic effects (figure 1; cf. [8, 41, 42] ). This will result in a local modification of grassland canopy structure that can act as a refugium, facilitating the intraspecific diversity and abundance of certain dependent species (table 2) . At broader spatial scales, cycles of species turnover within and among interaction neighbourhoods could then act to enhance the coexistence of both species and genotypes within component populations.
In this paper, we have synthesized existing evidence and provided new data to review and appraise the mechanisms through which genetic diversity regulates the structure of species-rich grassland communities. In our study system, it is becoming clear that interactions including interspecific g Â g play their part in determining local genetic and community structure [14, 15, 37] . These results are consistent with community genetics results from other systems (e.g. [4, 7, 8, [77] [78] [79] ). However, our unique experimental manipulations involving genotypic diversity in multiple coexisting species have exposed novel direct genetic effects that influence species abundance, and potential feedbacks between these effects and genotypic composition in other species in the community. These experimental manipulations are not possible in all community genetics study systems. However, we hope that where possible, others will carry them out, in order to understand whether direct genetic effects influencing species abundance or other population attributes are common. Taken together, our evidence establishes a strong basis for concluding that grassland community structure is regulated in part by g Â g interactions between coexisting species, and in part through direct genetic effects occurring within species that can influence their abundance. In other words, both the genetics of individual species and the genetics of their competitor species act to determine the influence of genetic diversity on community structure. Our results indicate that at fine spatial scales, community structure and genetic structure are bound closely, and that the genetic consequences of interactions within the community may play out over a relatively short time frame: less than 5 years. However, much remains to be discovered regarding the role played by genetic diversity, and the propagation of this diversity through sex, in shaping grassland community structure. A key unknown is why direct genetic effects on species abundance and indirect genetic effects among species appear to be restricted to particular species within the community, and whether we can predict which species will exhibit these effects. It will also be important to understand the quantitative genetic basis of the wide diversity in phenotype that can be found in some grassland populations (e.g. [17] ), in order to understand how genetic diversity is maintained in natural communities, and to allow better prediction of the responses of communities to periods of selection imposed by perturbations such as climate change.
